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The chemical states of Fe and Pt in in situ annealed L10 structured FePt nanodots formed by
self-assembled nanodot deposition method have been systematically investigated by angle resolved
x-ray photoelectron spectroscopy. From the Fe3p and the Pt4f core level x-ray photoelectron XP
spectra, it is evident that both the Fe and Pt of the nanodots were oxidized in the as-grown state.
After the in situ annealing under high vacuum, a peak corresponding to metallic Fe begins to appear,
and subsequently the metallic peak fraction increased with the increase in the annealing temperature.
In line with this, the peak fraction of the respective oxides is drastically decreased. Irrespective of
the annealing temperatures, it is inferred from the intensity of the XP spectrum that the Fe atom of
the FePt nanodots is highly prone to oxidation than the Pt atom. Nevertheless, the valence band
spectra of the as-grown FePt nanodot film clearly depict the presence of metallic Fe–Pt alloy. We
would like to explain the results of the core level and valence band XP spectra as follows: only the
peripheral Fe and Pt atoms of the as-formed FePt nanodots are bonded to the oxygen of the
cosputtered SiO2 matrix, whereas the metallic core of the as-formed FePt nanodots is always
preserved. The very good vacuum ambient during postannealing highly promotes the dissociation of
oxygen from the metal oxides via reduction reaction. This results into an increase in the fraction of
metallic Fe and Pt at the periphery of FePt nanodots and the formation of high quality SiO2 matrix
after annealing. Similar results were also observed for the monatomic W as well as Pt nanodots
embedded in SiO2 matrix. Hence, this simple, rather effective method of in situ annealing of metal
dots dispersed in an insulating matrix can be readily employed in the fabrication of high-density
nanodot memory devices. © 2008 American Institute of Physics. DOI: 10.1063/1.2973665
I. INTRODUCTION
Since the ferromagnetic FePt alloy with fct-L10 structure
has a large magnetic crystalline anisotropy Ku7
107 ergs /cm3 and saturated magnetization 4Ms
=13.8 kG,1 its correlated systems are promising candidates
for the fabrication of next-generation high-density magnetic
recording materials and high performance magnets. The
chemical solution method has been basically employed for
the synthesis of FePt nanoparticles.2,3 Recently, a new non-
volatile memory called magnetic nanodot MND memory
has been proposed by the authors,4 where the densely packed
MNDs dispersed in an insulating medium act as a floating
gate. Although the nanosized FePt dots are readily formed by
self-assembling process, it is inevitable that the as-grown fcc
structured FePt nanodots need to undergo postannealing at
high temperatures in order to produce the highly ordered and
magnetically hard L10 phase. Indeed, there is a greater
chance for the dots to get oxidized during the high tempera-
ture treatment. For example, the Fe1−xPtx with x50%
nanoparticles with diameter around 10 nm obtained via vari-
ous routes chemical method,5 sputtering,6,7 etc. routinely
show 10 kOe of coercivity. However, this value is much
smaller than the predicted value using the Stoner–Wohlfarth
model for the isolated single domain particles. This is either
due to the possible partial oxidation of FePt or the incom-
plete phase transformation from fcc to L10 of FePt nan-
odots. Thus, it is vital to analyze the chemical states of the
L10 structured FePt nanodots. The device performance of
MND memory depends on the nature of the MND-SiO2 in-
terface and the quality of the SiO2 matrix. It is well known
that the x-ray photoelectron spectroscopy XPS is a versatile
tool to examine the chemical states of elements, especially ataElectronic mail: murugesh@sd.mech.tohoku.ac.jp.
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the interfaces. Thus, it is our aim in the present study to
perform angle resolved XPS analysis for FePt nanodots
formed by the self-assembled nanodot deposition method8 in
order to evaluate the degree of oxidation of the L10 struc-
tured FePt nanodots.
II. EXPERIMENTAL PROCEDURE
Details regarding the preparation of FePt nanodots were
reported elsewhere.7 The microstructure of the FePt nanodot
films was examined by JEOL JEM-3000F high resolution
transmission electron microscope HRTEM. Angle resolved
x-ray photoelectron XP spectra were recorded at photoelec-
tron take-off angles of 10º and 80º using a 10 keV R4000
high resolution electron energy analyzer at the undulator
beam line BL47XU of SPring-8.9
III. RESULTS AND DISCUSSION
The schematic view of MND memory based on FePt
nanodots is illustrated in Fig. 1 of Ref. 4. The operation
principles and the characteristics of the MND memory were
also explained by the authors previously elsewhere.4,10 Fig-
ure 1 depicts the schematic cross-sectional view of the
samples used in HRTEM and XPS analyses, where  and d
are, respectively, the photoelectron take-off angle and the
information depth. Cross-sectional TEM images of 10 nm
thick FePt nanodot films revealed that the size of the nan-
odots in the as-grown as well as in the in situ annealed at
600 °C for 1 h films were 2 and 3 nm, respectively Fig. 2,
whereas the FePt-dot size is increased to 10 nm which is
close to the thickness of the film for the annealing tempera-
ture of 800 °C. It must also be mentioned that though the
size distribution of FePt nanodots is around 34 nm in the
600 °C annealed film, occasionally we also noticed dots
with a maximum size of 10 nm. The primary cause for this
anomaly is the presence of an extremely thin block oxide
2.5 nm thick thermal SiO2 beneath the FePt nanodot layer.
It has already been shown that in the case of a relatively
thicker block oxide 10 nm thick thermal SiO2, the size
distribution of the FePt nanodots is only between 3.5 and
4.5 nm.7 During the post-heat-treatment, the heat is supplied
only from the bottom side of the substrate. For a given an-
nealing temperature and time, the quantity of heat transferred
to the FePt-dot layer is larger for a thin 2.5 nm block oxide
as compared to that for a thicker 10 nm block oxide. This
results into an increase in the size of the nanodots in the
sample with a thinner block oxide.
Shown in Figs. 3a and 3b are the core level Pt4f XP
spectra of 10 nm thick FePt nanodot films measured at  of
10° and 80°, respectively. As it can be seen from Fig. 1, for
=10°, the information depth d includes the cap layer as
well as the interface between the cap layer and the FePt
nanodot layer, whereas for =80°, the information is ob-
tained largely from the FePt-dot layer, although d covers the
cap layer, the interface between the cap layer and the FePt
nanodot layer, and the FePt nanodot layer. The core level Pt4f
XP spectra were analyzed for the metallic as well as the
oxides of Pt. From Fig. 3a it can be inferred that for the
as-grown films, the deconvoluted spectrum contains two
components at 71.98 and 73.5 eV, respectively, in addition to
the peak for metallic Pt at 71.18 eV. These binding energy
values are very close to the values reported for Pt–Si and
Pt–O by Liu et al.12 and Parkinson et al.,13 respectively. In
Fig. 3a, the combined spectral fraction of Pt–Si and/or Pt2+
and Pt4+ is much smaller than the peak fraction for the me-
tallic Pt. Between the Pt2+ and Pt4+ components, the Pt2+
spectral fraction outweighs the Pt4+. Interesting to note that
in the 600 °C annealed sample, there is a drastic increase in
the peak fraction for the metallic Pt, while the peak corre-
sponding to Pt4+ vanishes completely. By increasing the an-
nealing temperature to 800 °C, we found a further enhance-
ment in the peak fraction for the metallic Pt, whereas the
peak intensity corresponding to the oxide does not show any
change. Contrary to the spectral data at =10°, at =80°, we
hardly observed the peak for Pt4+ species in the as-grown
films Fig. 3b. Also, at =80°, the peak that corresponds
to Pt2+ species is minimized with an increase in the annealing
temperatures, whereas the change in the peak intensity for
the metallic Pt with respect to the annealing temperatures is
well in line with the results observed at =10°. It reveals that
in the as-grown state, the Pt atoms of the as-formed FePt
nanodots are bonded to the silicon and/or oxygen of the
cosputtered SiO2 matrix. The high vacuum ambient during
FIG. 1. Color online Cross-sectional schematic view of samples for XPS
analysis.  is the photoelectron take-off angle and d is the information depth.
FIG. 2. Cross-sectional HRTEM images of 10 nm thick FePt nanodot films
in situ annealed at different temperatures.
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postannealing highly promotes the release of silicon or oxy-
gen from the silicidized or oxidized Pt, which results into an
increase in the fraction of metallic Pt and the formation of
good quality SiO2 matrix.
Figures 4a and 4b show the core level Fe3p XP spec-
tra of 10 nm thick FePt nanodot films measured at  of 10°
and 80°, respectively. Irrespective of the  values and the in
situ annealing temperatures, there appears a peak at 49 eV
filled with back-slashed line, and we were unable to assign
it to any known elements such as O, Si, Fe, and Pt at this
juncture. It is well known that the peak due to the metallic Fe
in the Fe3p XP spectra generally appears at 52.3 eV.
14
Nonetheless, we hardly observed the metallic Fe peak in the
as-grown films at =10°. Instead, we have noticed two ad-
ditional peaks and their peak positions fall at 54.6 and 56.6
eV. We could readily assign these peaks to FeO Fe2+ and
FexOy either Fe3+ or Fe3+ and Fe2+, respectively, because
the observed binding energy values are very close to the
corresponding reported values by Descostes et al.14 On the
other hand, for the film annealed at 600 °C, a peak due to
the metallic Fe emerges more evidently at 52.4 eV Fig.
4a. For further annealing at 800 °C, the fraction of the
metallic Fe is enhanced, while the peak fractions for the Fe
oxides are proportionately suppressed. Contrary to =10°,
the XP spectra recorded at =80° clearly reveal not only that
there exists a metallic Fe peak in the as-grown films but also
that the peak intensity of the metallic Fe is much larger than
that of the oxide peaks Fig. 4b. It is also worthy to note
that the peak fraction for the metallic Fe dramatically in-
creases with the increase in the in situ annealing tempera-
tures. Subsequently, the oxide peak that belongs to FexOy has
been reduced to near zero in the annealed films. Therefore,
the spectral features of the Fe3p and Pt4f spectra i.e., an
increase in the metallic fraction of Fe and Pt upon annealing
in the annealed films are very similar.
Shown in Fig. 5 is the Fe2p core level XP spectra ob-
tained with as-grown and annealed FePt nanodot films. Simi-
lar to the Fe3p core level spectra, the Fe2p XP spectra also
contain mainly the Fe oxide peaks in the as-grown films,
while in the annealed films, the peak intensity of the metallic
Fe has gone up and the intensity of the oxide peaks faded
away. These data support well the results of the Fe3p core
level spectra for the corresponding films.
Figure 6 depicts the valence band spectra measured at
various  values for the FePt nanodot films annealed in situ
at different temperatures. It is interesting to note that regard-
less of the in situ annealing, the presence of a pair of peaks
near 1.5 and 4 eV can be well noticed for the larger  values.
Though any reported valence band spectra of FePt are not
available immediately, we were able to find a lone report on
Pt3Fe by Mun et al.
15 Since Pt3Fe also belongs to the same
Pt–Fe family, the authors corroborated their results with the
data of Pt3Fe. It is worthy to note that the valence band peak
positions in the FePt nanodot film match well with the va-
lence band peak for the reported Pt3Fe system. It confirms
the presence of the metallic FePt even in the as-grown FePt
FIG. 3. Color online a Pt4f core level XP spectra measured at =10° obtained with 10 nm thick FePt nanodot films in situ annealed at different
temperatures. b Pt4f core level XP spectra measured at =80° obtained with 10 nm thick FePt nanodot films in situ annealed at different temperatures.
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nanodots. Moreover, with the increase in the annealing tem-
peratures, the valence band peaks due to SiO2 Ref. 16 are
also becoming increasingly visible. This strongly reveals the
improvement in the quality of SiO2 which is present in be-
tween the FePt nanodots upon in situ annealing. We have
also confirmed the improvement in the metallic nature of W
as well as Pt nanodots upon in situ annealing under high
vacuum.
FIG. 4. Color online a Fe3p core level XP spectra measured at =10° obtained with 10 nm thick FePt nanodot films in situ annealed at different
temperatures. b Fe3p core level XP spectra measured at =80° obtained with 10 nm thick FePt nanodot films in situ annealed at different temperatures.
FIG. 5. Color online Fe2p core level XP spectra measured at =10° and
80° obtained with 10 nm thick FePt nanodot films in situ annealed at dif-
ferent temperatures.
FIG. 6. Color online Valence band XP spectra measured at various 
values obtained with 10 nm thick FePt nanodot films in situ annealed at
different temperatures.
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IV. CONCLUSIONS
We have investigated the effect of in situ annealing on
the self-assembled FePt nanodots by XPS. From the core
level Fe2p, Fe3p, and Pt4f XP spectra it was clear that the
metals of the FePt nanodot may be attached with the matrix
SiO2, Fe to the O and Pt to the Si and/or O, respectively, in
the as-grown films, whereas the results of the valence band
spectrum the presence of metallic FePt in the valence band
spectra even in the as-grown films allowed us to make a
more precise conclusion. That is, only the peripheral Fe and
Pt atoms of the as-formed FePt nanodots were bonded to
either O or Si of the cosputtered SiO2 matrix. The core of the
as-formed FePt nanodots was always preserved in the metal-
lic state. Possibly, the high vacuum ambient during postan-
nealing, which is inevitable to transform the as-grown fcc
structured FePt nanodots which is nonmagnetic into the
magnetically hard L10 structured one, highly promotes the
release of oxygen from the metal oxides of FePt nanodots via
reduction reaction. This leads to not only an increase in the
fraction of metallic Fe and Pt at the periphery of FePt nan-
odots, but also the formation of a high quality SiO2 matrix.
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